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Abstract Circulating fluidized bed combustion (CFBC) ash can be potentially used as supplementary cementitious
materials for concrete production due to its desirable pozzolanic activity. The adsorption properties of CFBC ash–cement
pastes were studied, and ordinary pulverized coal combustion (PCC) fly ash–cement pastes were used as control. The
water-adsorption and superplasticizer (SP)-adsorption properties of the pastes were evaluated by water demand and
UV-visible absorption spectroscopy respectively. The results show that CFBC ash–cement system has greater compressive
strength as compared with PCC fly ash–cement system at a given curing age, although the water demand of the former is
significantly higher than that of the latter. CFBC ash–cement pastes possess higher adsorption ability of aliphatic SP than
PCC fly ash–cement pastes and the adsorption amount increases with an increase in ash replacement ratio. CFBC ash–
cement pastes exhibit lower workability with higher slump loss. It is concluded that CFBC ash can be potentially used as
supplementary cementitious material in concrete production, but the mix design of CFBC ash concrete needs to be
appropriately adjusted. It is suggested that CFBC ash is used for the production of the concrete needing low flowability.
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1 Introduction
Circulating fluidized bed combustion (CFBC) ash is pro-
duced from the combustion of coal with injection of
limestone for desulphurization (Gunka and Pyshyev 2014;
Ni et al. 2014; Tao et al. 2014). CFBC ash is classified into
two categories, the fly ash and the bottom ash collected
from the flue and the hearth, respectively. With an annual
production of 20 million tons of CFBC ash in China, it is
urgent to identify potential utilization of otherwise land-
filled materials. With rich content of active SiO2 and
Al2O3, CFBC ash has been reported to exhibit good poz-
zolanic activity (Zheng et al. 2009; Chindaprasirt and
Rattanasak 2010; Li et al. 2012) and recognized as a
potential supplementary cementitious material to partially
replace cement for concrete production (Wang and Song
2013).
CFBC ash is produced at a much lower temperature
(850–900 C) than ordinary pulverized coal combustion
(PCC) fly ash (1200–1400 C), a widely used supplemen-
tary cementitious material in concrete. The physical prop-
erties as well as the chemical compositions of CFBC ash
are thus distinct from those of PCC fly ash. For example,
the content of unburnt carbon of CFBC ash is commonly
greater than that of PCC fly ash and the shape of CFBC
particles is irregular with loose and porous surface struc-
ture (Qian et al. 2008; Wang and Song 2013). The unburnt
carbon and porous surface of CFBC ash can potentially
adsorb water and water-reducer in theory, and therefore
lowering the flowability when CFBC ash is used as sup-
plementary cementitious material for concrete production.
There have been a few literatures related to the
adsorption properties of PCC fly ash–cement pastes (Singh
et al. 1992; Baltrus and Lacount 2001; Termkhajornkit and
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Nawa 2004; Burgos-Montes et al. 2012) which mainly deal
with the competitive adsorption between PCC fly ash and
cement particles. However, the results related to the
adsorption properties of PCC fly ash–cement pastes should
not be applied randomly to CFBC fly ash–cement pastes
due to the significant differences of physico-chemical
properties between the two kinds of coal ashes. However,
few study reports the adsorption properties of CFBC ash–
cement pastes. This may be partly attributed to the later
emergence of CFBC ash as compared with PCC fly ash.
This work aims to investigate the adsorption properties
of CFBC ash–cement pastes, and give the adsorption
properties differences between PCC fly ash–cement pastes
and CFBC ash–cement pastes. To provide practical refer-
ences for the utilization of CFBC ash as supplementary
cementitious material for concrete applications, the study




Table 1 summarizes the chemical composition of CFBC
fly/bottom ashes, PCC fly ash and Portland cement clinker.
The fly ashes were tested as-received, and the bottom ash
was milled until the bottom ash residue on 80 lm sieve is
no more than 3 %. It has been reported that the differences
between the properties of CFBC ash and those of PCC fly
ash are mainly attributed to the combustion temperature
and desulfurization (Qian et al. 2008). CFBC ashes thus
have general characters, so the CFBC ashes used in this
work are representative.
The cement clinker was ground to ensure 97.5 % of the
clinker particles pass through 80 lm sieve. The cement
clinker was blended with 5 percent (by mass) of dihydrate
gypsum to control the setting time. The initial and final
settings of the resulting cement were determined to be 135
and 252 min, respectively. SP used in this study is ali-
phatic-based, with a solid content of 27.39 %.
As shown in Table 1, loss on ignition (LOI) of the
CFBC fly/bottom ashes is significantly higher than that of
the PCC fly ash and the cement clinker. The higher LOI is
mainly a result of high amount of unburnt carbon in the
CFBC ashes.
Figure 1 provides the X-ray diffraction (XRD) patterns
of the coal ashes. The results show that the main crystal-
lized minerals in the CFBC fly/bottom ashes include
quartz, anhydrite and hematite, while the main crystallized
minerals in the PCC fly ash are quartz, mullite and
hematite. Anhydrite is formed from the desulfurization
process, while mullite is generated from the clay minerals
when the temperature exceeds 1000 C. This is consistent
with the findings reported in the literatures (Sheng et al.
2012; Song et al. 2015).
Figure 2 shows the SEM images of the CFBC ashes (as-
received) and the PCC fly ash. The CFBC ashes particles
are irregular with a loose surface structure which is sig-
nificantly different from that of the PCC fly ash. This is
mainly attributed to the difference in the combustion
temperature between CFBC boiler and PCC boiler. At
1200–1400 C, clay minerals, quartz and feldspar in PCC
boiler turn into molten state. Upon cooling, the molten
minerals contract and form small spheres with dense sur-
face structure (Fig. 2c) due to surface tension and rapid
temperature drop. For the CFBC process, however, min-
erals cannot reach their molten state at the combustion
temperature of 850–900 C resulting in the irregular and
loose surface structure (Fig. 2a, b) of the CFBC ashes
(Zheng et al. 2009).
Table 1 Chemical composition (by mass, %) of coal ashes and Portland cement clinker
Sample SiO2 Fe2O3 Al2O3 CaO MgO Na2O K2O SO3 Free lime LOI Sum
CFBC fly ash 37.54 5.84 23.10 10.52 1.29 1.17 0.55 4.80 3.03 13.24 98.05
CFBC bottom ash 56.08 4.91 24.28 3.62 1.11 1.97 0.79 1.48 0.93 4.87 99.05
PCC fly ash 53.91 4.12 28.81 4.83 2.68 1.20 0.44 0.98 0.95 2.03 99.00
Cement clinker 20.70 3.56 4.94 62.49 3.38 0.11 0.82 0.48 0.82 1.41 97.89
Fig. 1 XRD patterns of the coal ashes
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Table 2 gives the grain size of the CFBC fly ash, the
ground CFBC bottom ash and the PCC fly ash. The parti-
cles size of the CFBC fly ash is comparative to that of the
PCC fly ash, while the ground CFBC bottom ash has larger
particles size with lower specific surface area.
2.2 Methods
2.2.1 Water requirement of normal consistency
Determination of the water requirement of normal consis-
tency of the neat coal ashes or the mixture of coal ash and
cement (mass ratio of 3:7) follows the Chinese standard
GB/T1346–2011 on test method for water requirement of
normal consistency, setting time and soundness of the
Portland cement.
2.2.2 Mortar strength
Mortar strength tests follow the Chinese standard GB/
T17671–1999 on method of testing cements-determination
of strength. The mix proportion of the mortars was 0.3: 0.7:
3 (ash: cement: medium sand), and the mortars were pre-
pared at the water requirement of normal consistency. The
specimens were cured constantly in (20 ± 2) C saturated
moist atmosphere after casting and demoulding.
2.2.3 Adsorption kinetics of aliphatic SP in the coal ash–
cement pastes
The model TU-1810 of UV-visible spectrophotometer was
applied to determine the concentrations of the aliphatic SP
in solutions. The mix proportion of the pastes was 70: 30:
70: 1.2 (cement: ash: water: SP). Cement and ash were first
dry-mixed for 5 min. Water and SP were then added into
the powder and mixed continuously for another 150 min.
Samplings of the pastes were done at 20, 45, 90, 120 and
150 min, respectively. Each paste sample was then pro-
cessed by the low speed tabletop centrifuge to separate free
un-adsorbed SP solids suspended in the paste. The super-
natant was collected and the residual concentration of SP
was measured by the UV-visible spectrophotometer.
The adsorption of SP in ash–cement pastes can be cal-
culated based on the following equation.
C ¼ ðC0  CÞv
1000W
ð1Þ
where C is the adsorption amount, mg/g; C0 is the initial
concentration of SP, mg/L; C is the residual concentration
of SP, mg/L; m is the volume of SP solution, mL; W is the
quality of the mix of coal ashes and cement, g.
2.2.4 Effect of ash-to-cement ratio on the adsorption
of aliphatic SP in the coal ash–cement pastes
The ash-to-cement ratio investigated ranges from 1-to-9 to
4-to-6 and the mix proportion follows 100: 70: 1.2 (binder:
water: SP). The binder was dry-mixed for 5 min prior to
the addition of water and SP. The fresh paste was then
mixed for another 150 min, followed by filtration of the
paste in order to get the supernatant. The residual con-
centration of SP in the supernatant was determined by the
UV-visible spectrophotometry and the adsorption of SP in
each ash–cement paste was calculated based on Eq. (1).
Fig. 2 SEM images of the coal ashes. a CFBC fly ash. b CFBC
bottom ash. c PCC fly ash





CFBC fly ash 391.4 21.40
CFBC bottom ash 297.6 27.59
PCC fly ash 402.5 20.33
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2.2.5 Workability of the coal ash–cement pastes
The mix proportion of the pastes was 70: 30: 35: 1.2
(cement: ash: water: SP). The cement and ash powder were
first mixed for 5 min followed by the addition of water and
SP and mixed for another 3 min. Mini slump flow test was
performed at different time interval up to 90 min to eval-
uate the loss of slump flow of each mix. The test follows
the Chinese standard GB/T8077–2000 on method for
testing uniformity of concrete admixture.
3 Results and discussion
3.1 Water-adsorption property
Considering the application of CFBC ash in concrete pro-
duction, water requirement of normal consistency is used to
evaluate its water-adsorption property. Figure 3 shows the
water requirement of normal consistency of the neat coal
ashes and the mixture of coal ash and cement at the mass
ratio of 3:7. The cement was tested as the control, and its
water demand is counted as 100 %. The water demand of
the neat CFBC fly/bottom ashes is nearly twice that of the
neat PCC fly ash, and the water demand of CFBC ash–
cement pastes is significantly greater than that of PCC fly
ash–cement pastes.
This may be mainly attributed to the differences of
unburnt carbon content and grain surface structure between
the two kinds of coal ashes. CFBC ashes have higher
unburnt carbon content and more porous surface mor-
phology as compared with PCC fly ash (Table 1; Fig. 2).
The unburnt carbon in coal ashes is generated from the
imperfect combustion of coal, and it generally exists in
amorphous state. It has been well known that amorphous
carbon exhibits strong adsorption ability due to its loose
and porous structure. CFBC ashes particles have loose and
porous surface morphology which may enable the pene-
tration of water into the inner surface of the particles. As a
result, the water-adsorption property of CFBC ash is
greater than that of PCC fly ash.
As stated earlier, CFBC ash has high water-adsorption
property. It is well known that compressive strength is
commonly inversely proportional to water/binder ratio, so
it is necessary to make clear whether CFBC ash cementi-
tious system has sufficient compressive strength for con-
crete production. Figure 4 shows the compressive strength
of the coal ash–cement mortars by ages. The compressive
strength of the coal ash–cement mortars increases gradu-
ally with the curing age, but no significant change was
observed from 90 to 180 days. Moreover, the compressive
strength of the CFBC ash–cement mortars is considerably
higher than that of the PCC fly ash–cement mortars at a
given curing age. This may be attributed to the greater
pozzolanic activity of CFBC ash as compared with PCC fly
ash. The results of Fig. 4 indicate that CFBC ash cemen-
titious system has desirable strength despite the high water
demand.
3.2 SP-adsorption property
3.2.1 Adsorption kinetics of aliphatic SP in the coal
ash–cement pastes
Figure 5 shows the adsorption amount of aliphatic SP in
coal ash–cement pastes as a function of time t. It can be
seen the adsorption of aliphatic SP in the CFBC ash–ce-
ment pastes is greater than that in the PCC fly ash–cement
pastes. The surface characteristics of CFBC ash along with
the high unburnt carbon content in the CFBC ash may
contribute to high adsorption of aliphatic SP in the CFBC
ash–cement pastes system.
The general trend shows the adsorption amount increa-
ses with time. The adsorption rate (i.e. the slope of the
curve), however, reduces with time. No significant change
was observed from 120 to 150 min. This may be attributed
Fig. 3 Water requirement of normal consistency of the pastes
containing coal ashes
Fig. 4 Compressive strength of coal ash–cement mortars by age
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to the initial setting of the pastes which reduces the
mobility of SP. It is concluded the adsorption of aliphatic
SP in coal ash–cement pastes can be reasonably captured
and described within the first 150 min.
3.2.2 Effect of ash-to-cement ratio on the adsorption
of aliphatic SP
Figure 6 shows the effect of ash-to-cement ratio on the
adsorption of aliphatic SP. The adsorption of aliphatic SP
in coal ash–cement pastes increases with ash-to-cement
ratio. This may be attributed to the higher amount of
unburnt carbon in coal ashes as compared with that in
cement. With increase of ash-to-cement ratio, more
unburnt carbon is available in the paste which adsorbs
water-reducing agents. For a given ash-to-cement ratio, the
CFBC ash–cement pastes has higher adsorption of the
aliphatic SP than the PCC fly ash–cement pastes.
3.3 Workability of the coal ash–cement pastes
with aliphatic SP
The measured slump flow of the ash–cement pastes at the
pre-determined time interval up to 90 min was plotted
against time as shown in Fig. 7. The slump flow of PCC fly
ash–cement pastes is higher than that of the CFBC ash–
cement pastes. The loss of slump flow is greater in the
CFBC ash–cement as compared with that in the PCC fly
ash–cement pastes.
This may be partly attributed to the high water demand
of CFBC ash as shown in Fig. 3, which reduces the free
water in paste. Next, high amount of unburnt carbon in
CFBC ash can adsorb and trap aliphatic SP, which
diminishes the efficiency of water-reducer.
From the aforementioned results, CFBC ash and PCC fly
ash have completely different effect on the flowability of
cement pastes. It is thus necessary to make clear the
forming conditions of the coal ash to be used. CFBC fly ash
and PCC fly ash commonly have similar appearance, so it
is very possible to mistake CFBC fly ash for PCC fly ash.
From the results of Figs. 1, 2, the simplest identification
methods are to test the XRD pattern or SEM photograph of
one coal ash.
In many cases, the common supplementary cementitious
materials including PCC fly ash and blast furnace slag are
not available for concrete production. The potential loss on
workability and the high water demand of CFBC ash have
a negative effect on its utilization; however, CFBC ash–
cement pastes have a great advantage, namely, desirable
compressive strength.
Coal ash is commonly used as supplementary material in
concrete production. PCC fly ash has been widely used for
this purpose and the correlative standards have been
established. Both CFBC ash and PCC fly ash are generated
from the combustion of coal. As a result, they have general
characters although there are some differences. This work
confirms that CFBC ash can be potentially used as sup-
plementary cementitious material in concrete production,
but the mix design of CFBC ash concrete needs to be
adjusted such as increasing the dosage of water-reducer. It
seems that it is suitable for CFBC ash to be used for the
production of the concrete needing low flowability
Fig. 5 Adsorption of aliphatic SP versus time in coal ash–cement
pastes
Fig. 6 Effect of ash-to-cement ratio on the adsorption of aliphatic SP
Fig. 7 Loss of slump flow in ash–cement pastes
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including road basement material and roller compacted
concrete.
4 Conclusions
(1) The water-adsorption property of CFBC ash–cement
pastes is significantly greater than that of PCC fly
ash–cement pastes. In addition, CFBC ash–cement
pastes possess higher adsorption ability of aliphatic
SP than PCC fly ash–cement pastes and the
adsorption increases with the increase of ash
replacement ratio.
(2) CFBC ash–cement pastes show lower slump flow
and higher loss of slump flow as compared with PCC
fly ash–cement pastes.
(3) CFBC ash can be potentially used as supplementary
cementitious material in concrete production, but the
mix design of CFBC ash concrete needs to be
appropriately adjusted.
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